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Abstract 
In the last years, optical Telecommunication systems represent an important 
source of researches and progresses over many possible applications. The 
role, that invests this sector, has find a wide field of study in access networks 
in particular because of rapid growth of Internet access and services. The 
request for high quality and faster way to communicate has lead, the telecom 
sector, to concentrate their researches over on optic fibers systems based.  
In this work a possible access network configuration is analyzed in details, 
step by step; in fact all the components of the system chain are examined 
and all the performances are studied by using a modern and useful approach: 
the “via software” instruments control. Moreover, a laboratory guide has been 
developed in order to extend, the experience of this work, for a student 
practice.  
As shown below, this thesis is composed of six chapters grouped according 
to three parts: Instrument Control (firsts two chapters), Test on Access 
Network with remote Amplification (Chapters 3 and 4) and Results and 
Analysis discussion (Chapters 5 and 6). 
Chapter 1 Software and Standards instruments interfaces.  
Chapter 2 A detailed presentation of the programs developed and the “code” 
implemented for each instrument involved. 
Chapter 3 A description over Remotely amplified WDM – PON architectures   
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Chapter 4  A presentation of the test systems used in the laboratory. 
Chapter 5 A discussion over the analysis of the performances by using 
important optical quality parameters.  
Chapter 6    Analysis of the results obtained and personal conclusions.        
This final work is developed in collaboration with Politecnico di Torino in Turin 
(Italy). It has been projected in the laboratories of the Optic Communications 
Group of the signal theories and communications department of Universitat 
Politècnica de Catalunya in Barcelona (Spain), under special supervision of 
Prof. Josè Làzaro.   
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INTRODUCTION  
 
The constant technological progress and the continuous investigation for fast 
and efficient solutions in the telecommunications networks, require new and 
efficient ways to develop and test the performances of optical systems.  
In most cases, those procedures have to be carried out manually by setting 
and testing each time all the tools needed for the measurement; this thesis 
proposes a new way to make all these processes automated through a 
software interface directly connected with the devices.  
The task of this work is to create, by using a particular software, two different 
programs able to acquire all the most important parameters from instruments, 
analyzing and using these values to plot or to manage them in a way to 
analyze the behaviors of optical/electrical systems or other particular needed 
values. 
The software used for this purpose is LabVIEW (in particular version 7.1) . 
By using LabVIEW, two different programs have been created to control the 
receiver respectively through a Bit Error Detector and afterwards a common 
Oscilloscope, as shown in picture 0. In this way it will be possible to analyze 
the performances of an access network and to compare the results in the two 
cases.   
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Figure 0 - General purpose 
The main objective of such an approach is to evaluate the performances in 
terms of Q-factor and, therefore, Bit Error Rate as a function of optical power 
and attenuation introduced in the access network. 
This work has been thus carried out in three different steps: 
- Instruments control (LabVIEW programming), first separately for each 
specific device and after unifying all the programs realized to create a 
sequential operation mode  
- Test of performances on an access network with Remote amplification 
(ROPA)  
- Analysis and Discussion of the results obtained so far within the 
LabVIEW programs themselves. 
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CHAPTER 1 
SOFTWARE AND INSTRUMENTS INTERFACES 
 
There are many methods and software to interact with the instruments we 
have to control; it basically depends on the utility, the type of device and 
above all the type of programming you wish to adopt. Labview, in particular, 
fulfills all the requirements and adapts to all types of tools by creating a 
graphical user interface specific to each type of port (serial, GPIB, USB, etc. 
..). 
 
1.1 Laboratory Virtual Instrumentation Engineering Workbench 
(LabVIEW) 
LabVIEW is a language developed by National Instruments for  data 
acquisition, signal processing and instrument control, in particular,it is a 
visual programming language where programs are written for drawing 
block diagrams. LabVIEW ties the creation of user interfaces (called front 
panels) into the development cycle. LabVIEW programs/subroutines are 
called virtual instruments (VIs). Each VI has three components: a block 
diagram, a front panel, and a connector panel. The last is used to 
represent the VI in the block diagrams of other, calling VIs. Controls and 
indicators on the front panel allow an operator to input data into or extract 
data from a running virtual instrument. However, the front panel can also 
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serve as a programmatic interface. Thus a virtual instrument can either be 
run as a program, with the front panel serving as a user interface, or, when 
dropped as a node onto the block diagram, the front panel defines the 
inputs and outputs for the given node through the connector pane. This 
implies each VI can be easily tested before being embedded as a 
subroutine into a larger program. 
The graphical approach also allows non-programmers to build programs 
by dragging and dropping virtual representations of lab equipment with 
which they are already familiar. One benefit of LabVIEW over other 
development environments is the extensive support for accessing 
instrumentation hardware. Drivers and abstraction layers for many different 
types of instruments and buses are included or are available for inclusion. 
These present themselves as graphical nodes. The abstraction layers offer 
standard software interfaces to communicate with hardware devices. The 
provided driver interfaces save program development time, moreover, 
many libraries with a large number of functions for data acquisition, signal 
generation, mathematics, statistics, signal conditioning, analysis, etc., 
along with numerous graphical interface elements are provided in several 
LabVIEW package options. The number of advanced mathematic blocks 
for functions such as integration, filters, and other specialized capabilities 
usually associated with data capture from hardware sensors is immense. 
In addition, LabVIEW includes a text-based programming component 
called MathScript with additional functionality for signal processing, 
analysis and mathematics. MathScript can be integrated with graphical 
16 
 
programming using "script nodes" and uses a syntax that is generally 
compatible with MATLAB.   
1.2   Measurement & Automation 
Strictly working with LabVIEW, another useful software, is “Measurement 
& Automation” of NI institute. This particular software allows the user to 
manage directly with the instrument, creating a sort of control panel 
between the personal computer and the device you want to manage with. 
This control panel has different tools to interact with the devices 
(depending on the port we want to communicate), one of the most 
important is the command panel. This tool allows the user to put all the 
needed commands to the device in the way to obtain specific values or 
behaviors of the instrument. In this way the user can test directly each 
command without programming first and can demonstrate the effective 
operation of the instruments. This software is responsible for assigning 
addresses and ports interfacing with devices.  
Another particular tool is the Virtual Instrument Software Architecture 
(VISA) that  is a standard for configuring, programming, and 
troubleshooting instrumentation systems comprising GPIB, VXI, PXI, 
Serial, Ethernet, and/or USB interfaces.  
VISA provides the programming interface between the hardware and 
development environments such as LabVIEW, LabWindows/CVI, and 
Measurement Studio for Microsoft Visual Studio. NI-VISA is the National 
Instruments implementation of the VISA I/O standard. NI-VISA includes 
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software libraries, interactive utilities such as NI Spy and the VISA 
Interactive Control, and configuration programs through Measurement and 
Automation Explorer for all development needs. 
For our purpose, this software has to work with LabVIEW programs and 
needs an interface to connect to the device;  this interface could be made 
using a LAN Ethernet or an USB port, that are for sure so common to 
users, or using, like in our case, a GPIB and a RS-232. 
1.2.1  GPIB   (General Purpose Interface Bus) 
The GPIB is an interface system which can connect measurements 
devices to controllers and peripheral equipment via simple cable (bus line). 
It’s a short-range, digital communications bus specification created for use 
with automated test equipment (also called IEEE-488). 
 
             Figure 1.1 - IEEE-488 stacking connectors 
It is more extendable and easy to use than other existing interface 
methods. Due to electrical, mechanical, and functional compatibility with 
other companies’ products, the GPIB can configure from a simple system 
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to an automatic instrumentation system with high-level functions thought a 
single bus cable. The GPIB first requires setting each “address” of the 
respective components connected to the bus line. Components can play 
one or more roles as controller, talker, and listener. During system 
operation, only one “talker” can send data to the bus line, and more than 
one “listener” can receive that data. The controller specifies addresses of 
“talker” and “listener”. For data transfer between equipment, 8 bit-parallel 
and byte-serial data lines are used to perform asynchronous bidirectional 
transmission. Because it is an asynchronous system, components can be 
interconnected regardless of their transmission speed. Data (message) 
sent/received between components include measurements data, 
measurements conditions (programs), various commands; primarily using 
ASCII code. 
 
Figure 1.2 - Outline GPIB 
The bus employs sixteen signal lines, eight used for bi-directional data 
transfer, three for handshake, and five for bus management, plus eight 
ground return lines. 
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Every device on the bus has a unique 5-bit primary address, in the range 
from 0 to 30 (31 total possible addresses). The standard allows up to 15 
devices to share a single physical bus of up to 20 meters total cable 
length. The physical topology can be linear or star (forked). Active 
extenders allow longer buses, with up to 31 devices theoretically  possible 
on a logical bus.  
 
1.2.2  RS232  (Recommended Standard 232) 
In telecommunications, RS-232 is a standard for serial binary single-
ended data and control signals connecting between a DTE (Data Terminal 
Equipment) and a DCE (Data Circuit-terminating Equipment). It is 
commonly used in computer serial ports.  
 
Figure 1.3 - RS232 configuration port 
The Electronics Industries Association (EIA) standard RS-232-C as of 
1969 defines: 
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 Electrical signal characteristics such as voltage levels, signaling rate, 
timing and slew-rate of signals, voltage withstand level, short-circuit 
behavior, and maximum load capacitance. 
 Interface mechanical characteristics, pluggable connectors and pin 
identification. 
 Functions of each circuit in the interface connector. 
 Standard subsets of interface circuits for selected telecom applications. 
The standard does not define such elements as 
 character encoding (for example, ASCII, Baudot code or EBCDIC) 
 the framing of characters in the data stream (bits per character, 
start/stop bits, parity) 
 protocols for error detection or algorithms for data compression 
 bit rates for transmission, although the standard says it is intended for 
bit rates lower than 20,000 bits per second. Many modern devices 
support speeds of 115,200 bit/s and above 
 power supply to external devices. 
In RS-232, user data is sent as a time-series of bits. Both synchronous 
and asynchronous transmissions are supported by the standard. In 
addition to the data circuits, the standard defines a number of control 
circuits used to manage the connection between the DTE and DCE. 
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Each data or control circuit only operates in one direction, that is, 
signaling from a DTE to the attached DCE or the reverse. Since 
transmit data and receive data are separate circuits, the interface can 
operate in a full duplex manner, supporting concurrent data flow in both 
directions.  
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CHAPTER 2 
DEVICES AND INTRUMENTS CONTROL 
 
This chapter analyzes, for each device involved, all the considerations to be 
done step by step and the concerning Labview sequential scheme blocks to 
be respected in view of programming our instrumentation.    
2.1  Oscilloscope Agilent Infiniium 54855a DSO 
The program created has to estimate the Bit Error Rate and the Q-factor for a 
generic electric\optical signal. The program has to display, at its best , the eye 
pattern as to evaluate, with specific commands, the parameters needed. An 
interface between the Pc and the device has been placed using a GPIB 
interface to interact with the device trough appropriate commands (specific for 
this device) as will be explained in more details below. In view of creating this 
sort of interface and using commands to control all the scope actions, 
LabVIEW has created two functions (in terms of block diagram): 
- to control the scope and to write commands(GPIB Write)  
- to read the parameters requested from the device (GPIB Read). 
 
Figure 2.1 – GPIB Write configuration Block 
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Figure 2.2 – GPIB Read configuration block 
Each of them needs particular inputs and outputs, especially regarding the 
address string that has to be assigned from the Measurement & 
Automation software, the data (in) with the specific command to be sent to 
the instrument and the data (out) to read the requested parameter. Other 
parameters are not mandatory, but necessary if you want to define and to 
control all the occurrences (for example, in our case, the byte count has 
been set to 100, meaning that the result of the measurement will be 
displayed for a maximum of 100 byte).    
The program functioning may be explained as follows. Firstly it acquires 
the signal from the pulse pattern generator making an ‘Autoscale’ of the 
input, as clearly shown in picture 2.3. 
 
Figure 2.3 – Oscilloscope: Setting Autoscale 
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Obviously these operations have been included in a Flat Sequence 
Structure in order to execute sequentially a command to turn. 
In this case, the time of execution of the Autoscale has been set to 20000 
milliseconds (20 seconds), to allow the oscilloscope to acquire completely 
the signal and to display it on the screen.  
Equally, in order to enlarge the eye pattern vertically, the voltage 
parameter peak to peak has been obtained by using a specific command 
query  (“VPP?”). 
 
Figure 2.4 – Oscilloscope: measuring Voltage peak to peak 
The result of this operation is a string that we have to manage in order to 
enlarge the vertical scale of the screen. 
The string obtained so far will be modified and thus prepared to a math 
operation changing the ‘.’ in a comma, in order to convert the format from 
a string to a floating point and then from a floating point to a string. The 
value obtained will be finally, used as vertical scale division.   
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The vertical screen division, relative to this scope, would imply a reduction 
of the voltage peak to peak for the number of the division scale (8); 
however, in our case it is better not get too close to this value because 
part of the eye pattern could be cut (then it is advisable to put 5).  
Following this operation, another command, to force the vertical division, 
will be set on the scope. 
 
Figure 2.5 – Oscilloscope: setting Vertical division 
The next step is quite similar to the last one; in fact, we have to manage 
the horizontal division according to the division of the scope (10). In order 
to do this, we cannot manage the time scale because the signal is not 
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periodic, but we can exploit the eye width of the eye pattern and then find 
the right division horizontal scale. 
 
Figure 2.6 – Oscilloscope: measuring Eye pattern width and setting horizontal division 
To measure the eye width, we have to enable the Color Grade scale for 
evaluating the eye patter and then put the command to acquire the needed 
parameter. Likewise, the string obtained, will be modified and divided 
according to the horizontal scale of the scope. The final value will be used to 
set the time scale domain of the scope as to enlarge horizontally the eye 
pattern. The image displayed is then ready to be saved in a ‘.tif’ format (as a 
default on the scope memory on C:\SCOPE\DATA); then it will be possible to 
evaluate the Q-factor of the eye . 
 
Figure 2.7 – Oscilloscope: saving image (.TIF format) 
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Figure 2.8 – Oscilloscope: Measuring Q-factor 
At this point of the sequential operation mode, to enable the Q-factor 
measurements and the Color Grade Scale a command has been sent to the 
scope; the linear value provided by the scope will be selected from the string 
and converted in a floating point value. 
Finally, using a Matlab script, the Q-factor will be converted to evaluate the 
Bit Error Rate through the ‘erfc’  function (naturally, to use Matlab scripts, the 
software has to be installed on the computer): 
 
As uniformity with the Error Detector all the resulting BER values under 1E-13 
will be approximated to 1E-13. 
 
Figure 2.9 – Oscilloscope: Q-factor – BER conversion  
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The last step the program displays the behavior of the BER in a graph 
according to the number of cycles; furthermore, the minimum and the 
maximum BER have been evaluated, as well as their relatives Q-factor and 
the mean BER value.   
 
Figure 2.10 – Oscilloscope: Measuring Mean, Max, Min BER and Q-factor values and BER to Q-factor conversion 
2.2  Power Meter HEWLETT PACKARD 8153A 
Likewise, the power meter has been programmed to extract the optical power 
value for a specific attenuation level. Therefore specific commands have 
been used to set the measure unit, the channel, the range and the exact 
wavelength.  
 
Figure 2.11 – Power Meter: Configuring and Reading optical power 
29 
 
By reading the optical power, we will be able to associate to a specific value 
of attenuation the corresponding value of BER.   
 
2.3  Digital Variable Attenuator OZ OPTICS 
Unlike other devices, a VISA interface has been used for the attenuator to 
interact directly with the RS232 serial port. Like in the GPIB, LabVIEW 
provides a particular block diagram to initialize the exact configuration of the 
serial port, 
 
Figure 2.12 – Digital Variable Attenuator: VISA RS 232 configuration block 
as well as other two VISA block diagrams to write commands and to read the 
requested values (VISA write and VISA read). 
 
Figure 2.13 – Digital Variable Attenuator: VISA Write configuration block 
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Figure 2.14 – Digital Variable Attenuator: VISA Read configuration block 
To enable communications through the serial port, the default settings, listed 
below, have been used following the characteristics of the reference manual. 
In particular: 
Bit per second: 9600 baund 
Data bits: 8 bits 
Parity: none 
Stop bits: 1 bit 
Flow control: none  
End Character: 13 (D hexadecimal) 
Figure 2.15 –  OZ Digital Variable Attenuator:  RS232 configuration settings 
Moreover, as in the previous cases, specific commands have been used to 
set the operative wavelength, the starting attenuation value and the 
attenuation step in order to increase, read and configure the needed 
attenuation value (figure 2.16). 
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        Figure 2.16 – Digital Variable Attenuator: Setting wavelength, start attenuation and reading current 
attenuation and wavelength  
2.4  Bit Error detector ADVANTEST D3286 
In order to count the real number of errors, an Bit Error Detector has been 
programmed to detect the eye pattern, whenever possible, and to extract the 
correct number of wrong bits. To achieve what the program has been 
designed for, it’s necessary to create a GPIB interface between the error 
detector, the pulse pattern and the software.  The port addresses, with which 
we want to communicate, and the pseudo random binary sequence (PRBS) 
we want to manage, should be set in the front panel. The block diagram has 
been divided into three parts, each one for a specific possible behavior of the 
device. Initially, and up to a certain voltage level of the eye pattern threshold 
(0,008 Volts), an auto search is enabled through a Boolean flag (primal 
search in figure 2.17) to identify the threshold levels and the delay positioning 
the instrument in the center of the eye.  
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        Figure 2.17 – Bit Error Detector: Setting the initial search  
Subsequently, the measurement mode is activated and an initial BER search 
will establish how the program will continues to analyze the eye pattern; the 
“threshold” of decision in this case has been set to 1E-8 to differentiate the 
high BER mode to the low one. 
 
         Figure 2.18 – Bit Error Detector: Threshold decision level to indentify the high or low BER operation mode    
Furthermore, a particular sequence of commands has been developed to 
consider the case where a synchronization error appears on the device. A 
Boolean flag has been set to evaluate the current type of error, in order to 
know whether the device is incorporated on a “SyncErr”; 
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         Figure 2.19 – Bit Error Detector: Detecting synchronization errors    
the HST? query will give back a decimal number corresponding to the error 
and alarm status. In our case, when the instrument is not able to acquire 
completely the eye pattern an error returns (HST?=04), the program will 
adopt certain changes (see paragraph 2.4.3). 
2.4.1 Low BER mode 
Whenever the initial search detects low BER values (from 0 until 1E-8) the 
program is able to spot exactly the threshold levels and the delay in the 
concentration of the measurement in the middle of the eye:  
 
         Figure 2.20 – Bit Error Detector: Low BER mode identifying the eye pattern     
In order to discover the exact position of the eye, the program scrolls (using 
four different while loops) the delay from -400 to +400 picoseconds and the 
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threshold levels from  -2 a 2 Volts, looking for BER values under 1E-6. That’s 
because it’s assumed that, at the edges, noise or other distortions will 
decrease considerably the bit error rate. As soon as the ‘edges’ of the eye 
have been outlined, the program has the signal ready to be evaluated and 
begins to measure the bit error rate in a cumulative mode, waiting the errors 
being accumulated for 5 seconds.   
 
         Figure 2.21 – Bit Error Detector: Low BER mode: measuring the BER in ‘cumulative mode’      
2.4.2 High BER mode 
For BER values higher than 1E-8, the program plans to set the device around 
the last delay and threshold values registered and to examine all the wrong 
bits, and thus the BER, relative to all this combinations of parameters. The 
minimum value will be considered the right value corresponding to the current 
attenuation level.  
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Figure 2.22 – Bit Error Detector: High BER mode: measuring BER  
2.4.3 Synchronization Error Control 
If the signal is too long, too short, poorly synchronized with the system clock, 
too high, too low, too noisy, too slow to change, or has too much undershoot 
or overshoot, a message on the display of the screen will appears 
(“notFound”) and a synchronization error can occur. An open eye pattern 
corresponds to a minimal signal distortion, distortion of the signal waveform 
due to intersymbol interference, excessive attenuation and noise that appears 
as closure of the eye pattern, so that the device cannot easily detect the eye 
pattern levels. To solve this problem the program, when a “SyncErr”  is 
displayed on the device (in particular when the commands HST? returns to 
4), will change gradually the threshold starting from the last level saved on 
the instrument. It has been tested that, in such conditions, it’s sufficient to run 
all the threshold values around 0,000 Volts starting from 0,025 to -0,025 volts; 
in this way the program will evaluate the BERs relative to each step of 
threshold and to extract, at the end, the minimum value of all of them. 
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Figure 2.23 – Bit Error Detector: Synchronization error control 
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2.5  Programs Flowcharts  
To better explain the sequentially operation mode for each program,  block 
diagrams are outlined below in order to represent the algorithms. 
    
      Figure 2.24 – Bit Error Detector Flowchart                                           Figure 2.25 – Oscilloscope Flowchart  
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CHAPTER 3 
REMOTELY AMPLIFIED  
WDM-PON ARCHITECTURES 
 
In this chapter architectures and possible long-reach Optical Access Network 
extensions will be analyzed in order to explain and discuss the test system 
adopted in this experience. 
3.1 Long Reach Optical Access Networks 
The explosive demand for bandwidth is leading to new access network 
architectures which are bringing the high-capacity optical fiber closer to the 
residential homes and small businesses. The FTTx models – Fiber to the 
Home (FTTH), Fiber to the Curb (FTTC), Fiber to the Premises (FTTP), etc. – 
offer the potential for unprecedented access bandwidth to end users (up to 
100 Mbps per user). These technologies aim at providing fiber directly to the 
home, or very near the home, from where technologies such as VDSL or 
wireless can take over. FTTx solutions are mainly based on the Passive 
Optical Network (PON). Developments in PON in recent years include 
Ethernet PON (EPON), ATM-PON (APON, based on ATM), Broadband-PON 
(BPON, based on APON, adding support for WDM and higher bandwidth), 
Gigabit-PON (GPON, an evolution of BPON, supporting higher rates and 
multiple layer-2 protocols), and wavelength division-multiplexing PON (WDM-
PON). PON reduces the network cost by eliminating the power supply 
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(operational cost) along the fiber path from Central Office (CO) to end users, 
and by sharing the significant portion of the network cost among multiple 
users. However, the cost reduction offered by a PON might not be enough for 
the future telecom network. The economic driver behind technology calls for a 
new thinking on the broadband optical access. An alternative technology, 
called Long-Reach Passive Optical Network (LR-PON), was proposed as a 
more cost effective solution for the broadband optical access network. LR-
PON extends the coverage span of PONs mentioned above from the 
traditional 20 km range to 100 km and beyond by exploiting Optical Amplifier 
and WDM technologies.  
A general LR-PON architecture is composed of an extended shared fiber 
connecting the CO and the local user exchange, and optical splitter 
connecting users to the shared fiber. Compared with traditional PON, LR-
PON consolidates the multiple Optical Line Terminals (OLTs) and the Central 
Offices (COs) where they are located, thus significantly reducing the 
corresponding Operational Expenditure (OpEx) of the network. By providing 
extended geographic coverage, LR-PON combines optical access and metro 
into an integrated system. Thus, cost savings are also achieved by replacing 
the Synchronous Digital Hierarchy (SDH) with a shared optical fiber. In 
general, the LR-PON can simplify the network, reducing the number of 
equipment interfaces, network elements, and even nodes. Although the idea 
of extending the reach of a PON has been around for quite a while, it is 
emphasized recently because the optical access is penetrating quickly into 
residential and small business markets and the simplification of telecom 
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network requires an architecture to combine the metro and access networks. 
Figure 3.1 shows how LR-PON simplifies the telecom network.  
 
Figure 3.1 - LR-PON simplifies telecom network 
The traditional telecom network consists of the access network, the 
metropolitan-area network, and the backbone network (also called long-haul 
or core network). However, with the maturing of technologies for long-reach 
broadband access, the traditional metro network is getting absorbed in 
access. As a result, the telecom network hierarchy can be simplified with the 
access head end close to the backbone network. Thus, the network’s Capital 
Expenditure (CapEx) and Operational Expenditure (OpEx) can be 
significantly reduced, due to the need for managing fewer control units. 
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3.1.1 A typical configuration 
Figure 3.2 shows the system configuration typical for B-PON, GE-PON and 
G-PON.  
 
Figure 3.2 - Typical configuration for B-PON, GE-PON and G-PON 
An optical line terminal (OLT) in the central office is connected to several 
optical network units (ONU) via an optical distribution network (ODN) 
consisting of optical fibers and passive optical splitters. The ODN is totally 
passive and for this reason it is very attractive to an operator. Single-fiber 
operation is made possible using wavelength division multiplexing (WDM) 
with upstream wavelengths in the 1310 nm region (1260–1360 nm) and 
downstream wavelengths in the 1490 nm region (1480–1500 nm). Capacity is 
shared among subscribers on the PON using a time-division multiple access 
(TDMA) protocol that assigns transmission time slots for each user. The 
maximum reach and split of a PON are determined by both the PON protocol 
and the physical layer optical reach. The G-PON protocol supports a 
maximum logical reach of 60 km and a maximum logical split of up to 128. In 
practice most commercial systems conform to the class specification that 
allows a maximum optical loss budget of 28 dB: often this is used to deploy a 
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split size of 32 and reach of up to 20 km. Similarly GE-PON specifies a 
maximum distance of 10 or 20 km, reflecting the use of different laser types, 
and offers loss budgets of 20 and 24 dB excluding optical path penalty. In 
calculating the achievable reach, the total loss must be within the allowed 
loss budget, taking account of realistic fiber and splitter losses. 
The concept of increasing the reach and/or split of PONs via intermediate 
equipment, such as optical amplifiers, has been of research interest. Recently 
research has focused on extending the reach of G-PON and GE-PON via 
midspan optical amplifiers or transponders as shown in Fig. 3.3. This concept 
has recently been standardized in ITU-T Recommendation G.984.6. 
 
Figure 3.3 - Mid span G-PON extension 
The OLT is connected via a length of fiber known as the optical trunk line 
(OTL) to the active midspan extender equipment. This in turn is connected to 
the ODN and ONU. Note the intention is for the OLT and ONU equipment to 
be essentially unchanged compared to the traditional deployment 
configuration shown in Fig. 3.2.  Placement of remote OLTs in the field is a 
possible alternative to reach extension. In this scenario, an OLT with a small 
number of PON ports and one or two backhaul ports is environmentally 
hardened and deployed in the same fashion as a PON extender. The great 
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advantage of reach extension in these applications is in the relative simplicity 
of the hardware deployed in the field. Some deployments overlay cable 
television signals at 1550–1560 nm over the same fibers as G-PON (or B-
PON or GE-PON) using the enhancement band approach described in ITU-T 
Recommendation G.984.5. In these situations the cable television signals can 
be conveniently amplified using separate erbium doped fiber amplifiers. 
Operators value greatly the passive nature of the access network enabled by 
the PON architecture, and it is not the intention of PON reach extension to 
move away from this. Nevertheless, having the option of an active midspan 
reach extender can provide several benefits, given as follows: 
1) Installing fiber cables represents a significant capital investment and so 
PONs are often deployed in green field deployments, where cable installation 
costs (whether copper or fiber) are an inescapable fact. Often greenfield 
deployments can be located a long way from existing central office 
buildings—potentially beyond the reach of G-PON or GE-PON.  
Taking into consideration this solution, one could build a new central office 
building or house PON OLT equipment in a street cabinet. Obviously, there 
are significant capital and operational costs associated with building a central 
office, nor is it especially attractive to deploy a full OLT in a street cabinet. An 
attractive alternative could therefore be a simple midspan PON extender box 
deployed in a street cabinet (or underground footway box). To offer benefits 
over the street-based OLT approach, the PON extender should be  compact,  
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low-power, and cost-effective and require minimal configuration and 
management. 
2) A remote PON extender could give operators more flexibility in 
deployments. When deploying PONs on long loops, the loss budget may not 
allow the operator to deploy as great a split as they would on shorter loops. 
By using a PON extender, the operator has more possibilities to deliver the 
same split regardless of geography.  
3) In areas of sparse take-up, a PON extender could be used to improve the 
PON utilization. The benefit would be improved sharing of feeder fiber and 
OLT equipment.  
4) A PON extender box could avoid the need for additional backhaul or metro 
network equipment to connect the OLT in a minor central office to switching 
and routing equipment in major central offices. 
5) A midspan PON extender could allow node consolidation by locating OLTs 
in a reduced number of major central offices. Moreover, PON extender boxes 
would then be housed at the remaining minor central office locations. In the 
shorter term this simplifies network operations since the extender would 
require minimal configuration and management. In the longer term, provided 
that the PON extender can be deployed in an outdoor environment, there is 
the potential opportunity to close the smaller central offices altogether, once 
all legacy (e.g., copper transmission) equipment has been retired.   
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3.2 Signal power Compensation 
Optical amplification is indispensable in a LR-PON. Besides amplifying the 
signal, the amplifiers introduce two challenges, as indicated below. 
1) : Optical amplifiers introduce amplified spontaneous emission (ASE). ASE 
is a side effect of the amplification mechanism, produced by spontaneous 
emission that has been optically amplified by the process of stimulated 
emission in a gain medium. The ASE may have a detrimental effect on 
system performance. As the high split of LR-PON would attenuate the signal 
power significantly, the input signal at the amplifiers could be sufficiently low. 
Meanwhile the ASE noise is device-dependent, e.g., ASE noise usually 
accumulates with the length of Erbium-doped fiber (EDF) and noise figure of 
an ideal Erbium-doped-fiber amplifier (EDFA) is 3 dB . As a result, the signal-
to-noise ratio (SNR) could be reduced significantly. In order to amplify the 
optical signal while suppressing the noise, a possible scheme, called dual-
stage intermediate amplification, was introduced. In this scheme, the first 
stage amplification is composed of a low-noise pre-amplifier, which produces 
a high SNR by maintaining its ASE at a low level; and the second stage 
consists of amplifiers with enough power to amplify, in order to counter the 
large attenuation in the feeder section (100 km and beyond).  
2) : As a widely used optical amplifier, the EDFA features a low noise figure, a 
high power gain, and a wide working bandwidth, which enable it to be 
advantageous in a LR-PON employing WDM. But the relatively slow speed in 
adjusting its gain makes it disadvantageous due to the bursty nature of 
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upstream time-division-multiple-access (TDMA) traffic in a LR-PON. In this 
situation the optical amplifier needs to adjust its gain fast when packets with 
different DC levels due to different ONU distances pass through it, in order to 
output packets with uniform signal amplitude. A possible solution called gain 
control uses optical gain clamping or pump power variation, e.g., using an 
auxiliary wavelength that senses the payload wavelength and adjusting 
relatively to the transmitted upstream packet so that the total input power at 
the EDFA remains constant. Hence, the gain of the EDFA remains constant 
for the burst duration. Researchers have also investigated the semiconductor 
optical amplifier (SOA) as the amplifier, for its advantages to be adjusted 
faster and offer the potential for monolithic or hybrid array integration with the 
other optical components. Although the relatively narrow working bandwidth 
of SOA operates on a per-channel basis, this single-channel SOA is suitable 
for the ”pay as you grow” business model. 
3.2.1 Doped Fiber Amplifier (DFA) 
Figure 3.4 shows a schematic diagram of a simple Doped Fiber Amplifier. 
 
 
Figure 3.4 - Doped fibre amplifiers 
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Doped fiber amplifiers (DFAs) are optical amplifiers that use a doped optical 
fiber as a gain medium to amplify an optical signal. They are related to fiber 
lasers. The signal to be amplified and a pump laser are multiplexed into the 
doped fiber, and the signal is amplified through interaction with the doping 
ions.  
The most common example is the Erbium Doped Fiber Amplifier (EDFA), 
where the core of a silica fiber is doped with trivalent Erbium ions and can be 
efficiently pumped with a laser at a wavelength of 980 nm or 1,480 nm, and 
exhibits gain in the 1,550 nm region. 
Amplification is achieved by stimulated emission of photons from dopant ions 
in the doped fiber. The pump laser excites ions into a higher energy from 
where they can decay via stimulated emission of a photon at the signal 
wavelength back to a lower energy level. The excited ions can also decay 
spontaneously (spontaneous emission) or even through non radiative 
processes involving interactions with phonons of the glass matrix. These last 
two decay mechanisms compete with stimulated emission reducing the 
efficiency of light amplification. 
The amplification window of an optical amplifier is the range of optical 
wavelengths for which the amplifier yields a usable gain. The amplification 
window is determined by the spectroscopic properties of the dopant ions, the 
glass structure of the optical fiber, and the wavelength and power of the pump 
laser. 
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Although the electronic transitions of an isolated ion are very well defined, 
broadening of the energy levels occurs when the ions are incorporated into 
the glass of the optical fiber and thus the amplification window is also 
broadened. This broadening is both homogeneous (all ions exhibit the same 
broadened spectrum) and inhomogeneous (different ions in different glass 
locations exhibit different spectra). Homogeneous broadening arises from the 
interactions with phonons of the glass, while inhomogeneous broadening is 
caused by differences in the glass sites where different ions are hosted. 
Different sites expose ions to different local electric fields, which shifts the 
energy levels via the Stark effect. In addition, the Stark effect also removes 
the degeneracy of energy states having the same total angular momentum 
(specified by the quantum number J). Thus, for example, the trivalent Erbium 
ion (Er+3) has a ground state with J = 15/2, and in the presence of an electric 
field splits into J + 1/2 = 8 sublevels with slightly different energies. The first 
excited state has J = 13/2 and therefore a Stark manifold with 7 sublevels. 
Transitions from the J = 13/2 excited state to the J= 15/2 ground state are 
responsible for the gain at 1.5 µm wavelength. The gain spectrum of the 
EDFA has several peaks that are smeared by the above broadening 
mechanisms. The net result is a very broad spectrum (30 nm in silica, 
typically).  
The broad gain-bandwidth of fiber amplifiers make them particularly useful in 
wavelength-division multiplexed communications systems as a single 
amplifier can be utilized to amplify all signals being carried on a fiber and 
whose wavelengths fall within the gain window. 
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3.2.1.1 Basic Principle of Erbium Doped Amplifiers (EDFA) 
A relatively high-powered beam of light is mixed with the input signal using a 
wavelength selective coupler. The input signal and the excitation light must of 
course be at significantly different wavelengths. The mixed light is guided into 
a section of fiber with erbium ions included in the core. This high-powered 
light beam excites the erbium ions to their higher-energy state. When the 
photons belonging to the signal at a different wavelength from the pump light 
meet the excited erbium atoms, the erbium atoms give up some of their 
energy to the signal and return to their lower-energy state. 
 
Figure 3.5 – Schematic setup of a simple erbium-doped fiber amplifier. Two laser diodes (LDs) provide the pump 
power for the erbium-doped fiber. The pump light is injected via dichroic fiber couplers. Pig-tailed optical isolators 
reduce the sensitivity of the device to back-reflections  
A significant point is that the erbium gives up its energy in the form of 
additional photons which are exactly in the same phase and direction as the 
signal being amplified. So the signal is amplified along its direction of travel 
only. This is not unusual - when an atom “lases” it always gives up its energy 
in the same direction and phase as the incoming light. That is just the way 
lasers work. Thus all of the additional signal power is guided in the same fiber 
mode as the incoming signal. As shown in Figure 3.5, there is usually an 
isolator placed at the output to prevent reflections returning from the attached 
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fiber. Such reflections disrupt amplifier operation and in the extreme case can 
cause the amplifier to become a laser! 
3.2.1.2 Noise 
The principal source of noise in DFAs is Amplified Spontaneous Emission 
(ASE), which has a spectrum approximately the same as the gain spectrum 
of the amplifier. Noise figure in an ideal DFA is 3 dB, while practical amplifiers 
can have noise figure as large as 6–8 dB. 
As well as decaying via stimulated emission, electrons in the upper energy 
level can also decay by spontaneous emission, which occurs at random, 
depending upon the glass structure and inversion level. Photons are emitted 
spontaneously in all directions, but a proportion of those will be emitted in a 
direction that falls within the numerical aperture of the fiber and are thus 
captured and guided by the fiber. Those photons captured may then interact 
with other dopant ions, and are thus amplified by stimulated emission. The 
initial spontaneous emission is therefore amplified in the same manner as the 
signals, hence the term Amplified Spontaneous Emission. ASE is emitted by 
the amplifier in both the forward and reverse directions, but only the forward 
ASE is a direct concern to system performance since that noise will co-
propagate with the signal to the receiver where it degrades system 
performance. Counter-propagating ASE can, however, lead to degradation of 
the amplifier's performance since the ASE can deplete the inversion level and 
thereby reduce the gain of the amplifier. 
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3.2.1.3 Gain saturation 
Gain is achieved in a DFA due to population inversion of the dopant ions. The 
inversion level of a DFA is set, primarily, by the power of the pump 
wavelength and the power at the amplified wavelengths. As the signal power 
increases, or the pump power decreases, the inversion level will reduce and 
thereby the gain of the amplifier will be reduced. This effect is known as gain 
saturation – as the signal level increases, the amplifier saturates and cannot 
produce any more output power, and therefore the gain reduces. Saturation is 
also commonly known as gain compression. 
To achieve optimum noise performance DFAs are operated under a 
significant amount of gain compression (10 dB typically), since that reduces 
the rate of spontaneous emission, thereby reducing ASE. Another advantage 
of operating the DFA in the gain saturation region is that small fluctuations in 
the input signal power are reduced in the output amplified signal: smaller 
input signal powers experience larger (less saturated) gain, while larger input 
powers see less gain. 
The leading edge of the pulse is amplified, until the saturation energy of the 
gain medium is reached. In some condition, the width(FWHM) of the pulse is 
reduced. 
3.2.1.4 Polarization effects 
Although the DFA is essentially a polarization independent amplifier, a small 
proportion of the dopant ions interact preferentially with certain polarizations 
53 
 
and a small dependence on the polarization of the input signal may occur 
(typically < 0.5 dB). This is called Polarization Dependent Gain (PDG). The 
absorption and emission crossections of the ions can be modeled as 
ellipsoids with the major axes aligned at random in all directions in different 
glass sites. The random distribution of the orientation of the ellipsoids in a 
glass produces a macroscopically isotropic medium, but a strong pump laser 
induces an anisotropic distribution by selectively exciting those ions that are 
more aligned with the optical field vector of the pump. Also, those excited ions 
aligned with the signal field produce more stimulated emission. The change in 
gain is thus dependent on the alignment of the polarizations of the pump and 
signal lasers – i.e. whether the two lasers are interacting with the same sub-
set of dopant ions or not. In an ideal doped fiber without birefringence, the 
PDG would be inconveniently large. Fortunately, in optical fibers small 
amounts of birefringence are always present and, furthermore, the fast and 
slow axes vary randomly along the fiber length. A typical DFA has several 
tens of meters, long enough to already show this randomness of the 
birefringence axes. These two combined effects (which in transmission fibers 
give rise to Polarization Mode Dispersion) produce a misalignment of the 
relative polarizations of the signal and pump lasers along the fiber, thus 
tending to average out the PDG. The result is that PDG is very difficult to 
observe in a single amplifier (but is noticeable in links with several cascaded 
amplifiers). 
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The erbium-doped fiber amplifier (EDFA) is the most deployed fiber amplifier 
as its amplification window coincides with the third transmission window of 
silica-based optical fiber. 
Two bands have developed in the third transmission window – the 
Conventional, or C-band, from approximately 1525 nm – 1565 nm, and the 
Long, or L-band, from approximately 1570 nm to 1610 nm. Both of these 
bands can be amplified by EDFAs, but it is normal to use two different 
amplifiers, each optimized for one of the bands. 
The principal difference between C- and L-band amplifiers is that a longer 
length of doped fiber is used in L-band amplifiers. The longer length of fiber 
allows a lower inversion level to be used, thereby giving at longer 
wavelengths (due to the band-structure of Erbium in silica) while still providing 
a useful amount of gain. 
EDFAs have two commonly-used pumping bands – 980 nm and 1480 nm. 
The 980 nm band has a higher absorption cross-section and is generally 
used where low-noise performance is required. The absorption band is 
relatively narrow and so wavelength stabilized laser sources are typically 
needed. The 1480 nm band has a lower, but broader, absorption cross-
section and is generally used for higher power amplifiers. A combination of 
980 nm and 1480 nm pumping is generally utilized in amplifiers. 
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3.2.1.5  EDFAs Applications  
EDFAs can serve various functions in systems for optical fiber 
communications; the most important applications are the following: 
 The power of a data transmitter may be boosted with a high-power 
EDFA before entering a long fiber span, or a device with large losses, 
such as a fiber-optic splitter 
 A fiber amplifier may also be used in front of a data receiver, if the 
arriving signal is weak. Despite the introduction of amplifier noise, this 
can improve the signal-to-noise ratio and thus the possible data 
transmission rate, since the amplifier noise may be weaker than the 
input noise of the receiver.  
 In-line EDFAs are used between long spans of passive transmission 
fiber. Using multiple amplifiers in a long fiber-optic link has the 
advantage that large transmission losses can be compensated without 
(a) letting the optical power drop to too low levels, which would spoil the 
signal-to-noise ratio, and (b) without transmitting excessive optical 
powers at other locations, which would cause detrimental nonlinear 
effects due to the unavoidable fiber nonlinearities.  
A particular attraction of EDFAs is their large gain bandwidth, which is 
typically tens of nanometers and thus actually more than enough to amplify 
data channels with the highest data rates without introducing any effects of 
gain narrowing. A single EDFA may be used for simultaneously amplifying 
56 
 
many data channels at different wavelengths within the gain region; this 
technique is called wavelength division multiplexing. Before such fiber 
amplifiers were available, there was no practical method for amplifying all 
channels e.g. between long fiber spans of a fiber-optic link. In that case all 
data channels had to be separated, detected and amplified electronically, 
optically resubmitted and again combined.  
To sum up, the introduction of fiber amplifiers thus brought an enormous 
reduction in the complexity, along with a corresponding increase in 
reliability. Very long lifetimes are possible by using redundant down-rated 
pump diodes. 
 
3.3  Reach extendable techniques 
As described in paragraphs 3.2.1, one of the techniques used to extend the 
reach of PONs is to utilize a remotely pumped optical amplifier (ROPA) or 
Raman amplifier. In order to obtain this solution we have to install a remote 
pumped emitting a high optical power at the Central Office (CO), therefore, as 
amplifying medium, for the ROPA solution, an erbium-doped fiber (EDF) is 
inserted in the network. The ROPA requires optimization of the distance 
between the EDF and CO since the pump is attenuated in the same way as 
the signal through propagation in the optical fiber. Moreover, additional 
components such as splitter and multiplexer are needed for pump and signal 
combination in network. The equipment inserted in a PON to provide extra 
optical budget can be a transparent element (1/A=G) called extender box  
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(EB); tough the architecture is modified, no changes to the existing standards 
are required since the EB solution offers the benefit of transparency to the 
PON protocol and ranging process. 
In order to reach a PON with a large splitting ratio, a high multiplexing level is 
also required to handle individual signals and data flows traveling along 
shared fibers. The available fiber bandwidth and current high speed 
electronics allow high splitting ratios together with high bandwidth per user 
assignment. 
3.4  Extender Box 
To realize an Extender Box, low cost components are therefore the best 
candidates in order to achieve more optical budget to meet the main 
objectives, which are total reach increase, reduction in the number of central 
office and splitting ratio increase. 
 
Figure 3.6 - Setup for GPON with extender box 
The two basic ways to implement the extender box are the optical amplifier 
(OA) and the optical-electrical-optical (OEO) regenerator; in the case of an 
OA-based extender, there may be a filter included to limit the bandwidth of 
amplified spontaneous emission (ASE) generated by the optical amplifier and 
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hence limit ASE-ASE beat noise at the receiver. Moreover, the transmitters 
must be able to generate a signal that is robust to fiber chromatic dispersion 
up to 60 km.  
For the optical amplifier solution one candidate is the double semiconductor 
optical amplifier (DSOA); these are solutions for extending the upstream and 
downstream  signals. They have a typical gain of 20dB and a noise figure 
(NF) of 6 dB. Therefore, they are good candidates as EBs, if two SOAs are 
used for upstream and downstream signals. SOAs are transparent to the bit 
rate and compatible with WDM signal transmission in the range of their 
optical spectral bandwidth (they can represent an important source of optical 
noise that can degrade the transmission performance). Because of the 
budget limitation, due to a combination of ASE effects, gain limitation from 
amplifier saturation, receiver overload and receiver degradation in burst 
mode, the DSOA does not represent the best way to develop an external box. 
On the other hand, the OEO devices represent a low-cost and simple solution 
since they consist of an opto-electrical conversion. For short term application 
in access, both SOA and OEO-based extenders are being considered as 
immediate solutions that can be directly integrated into a GPON system. 
3.4.1  ROPA technique 
In the case of using a ROPA as a mid-span extender, no power supply is 
needed, thus keeping the PON, with EB included, as strictly passive. The 
pump power can be provided from the OLT and transmitted along the trunk 
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fiber to the ROPA or, alternatively, the remote pump can be transmitted from 
the OLT to the ROPA by an extra fiber. 
 
Figure 3.7 - Architecture analyzed for the ROPA as an extender box, including 
The EDFA gave the best result in the booster and preamplifier configuration 
due to higher saturation power and also due to low noise figure which is a 
prerequisite in the preamplifier configuration. In the in-line configuration, the 
EDFA gave also the best results due to the higher value of the gain. Though 
SOA and EDFA as amplifier solutions are interesting for the above-mentioned 
reasons, they need in-line powering which can be a drawback in case there 
has been no provision for electric power. In that case, the ROPA solution 
becomes attractive and can offer a gain of 11.5 dB. Though the technology is 
the same as the EDFA, the limited gain arises from the fact that the pump 
power incident in the erbium doped fiber is attenuated as the signal power.  
In the case of a migration scenario, where the metro and access networks are 
merged together to eliminate central offices, the previous central office 
location can be an amplifier site. In that case, power supply considerations 
may no longer be major hurdles so that EDFA offering the best gain value 
can be installed. 
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So in a long term scenario, access network architecture based on WDM with 
optical fiber amplification are studied using remote nodes (RNs) to provide an 
optical amplification by remotely pumped EDFs, acting as ROPA. The ROPA 
is considered a passive mid-span extender and is similar to a remotely 
pumped EDFA with no in-line power supply needed.  
In long-haul transmission area solution like EFDA and Raman amplification 
are not immediately applicable to the access network due to the different 
bandwidth characteristics and also due to the high cost of these solution. 
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  CHAPTER 4 
TEST SYESTEMS ARCHITECTURES 
 
This chapter will present the two simulation systems analyzed for our purpose 
describing, instrument by instrument, functions and settings used for each 
device. 
4.1  Electrical Amplified system 
In a first simulation test, a base system with electrical amplification has been 
used to check the operation of the two LabVIEW programs.  
Figure 4.1 shows the system chain analyzed . 
 
Figure 4.1 - Block scheme: Electrical amplified System 
The source is a tunable laser at 1552,52nm (193.23THz) connected to a 
polarization controller, as to limit the polarization dependence of the 
modulator; the modulator receives the information content in the form of 
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electrical signal voltage high frequency and transmits the information content 
to the optical field. Moreover, the modulated signal was set as input of a 
variable attenuator (to be controlled through LabVIEW) and then to a coupler 
2x1 connected to a power meter (1% of the total power received budget) and 
to an EDFA (99%). Finally, an optical filter set to 1552,52nm receives as input 
the amplified signal in order to delete the ASE noise from the system and 
select the right  light beam wavelength. The signal obtained, at the output of 
the optical filter, will be analyzed by a PIN photodetector in order to be 
managed, then, by the Error detector or the Scope.  
 
Figure 4.2 - Laboratory test: electrical system 
The three graphs plotted on Labview ( BER, log(BER) and Q-factor in 
function of the optical power) have been compared to verify the correct 
operation of the programs implemented. The result of this comparison aims at 
showing whether the system configuration or the LabVIEW programs, for both 
the instruments (oscilloscope and bit error detector), are correct and if we 
need to modify the operation mode. Indeed, as it will be analyzed in details in 
chapter 6,  an index of good performances of the programs and of the system 
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corresponds to a difference on the measurements of a few tenths of a dB 
(visually it will correspond to a displacement of the curves).  
 
4.2  (ROPA) Remotely pumped optical amplifier system test 
The second simulation test, the most important one, has been carried out a 
real access network in order to evaluate and appreciate all the measurements 
extracted from the system and to analyze the behavior of the network under 
specifics conditions. 
The access network under consideration is composed by a particular tunable 
laser, in order to limit the polarization dependence of the device (there’s no 
need of a polarization controller like in the other case) with electrical amplifier 
and modulator integrated.  
The produced laser light is a narrow-
wavelength electromagnetic spectrum 
monochromatic light, at a specific 
wavelength which allows to emit radiation 
in an unique direction under a little solid 
angle.  
            Figure 4.3 – Pirelli Tunable Laser 
By using an electro-optic modulator the information will be added to the beam 
of light obtained setting the optimal current of BIAS in order to maximize the 
responsivity value, that’s the ratio of the generated photocurrent and incident 
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(or sometimes absorbed) optical power (neglecting noise influences), 
determined in the linear region of response.  
 
Figure 4.4 – BIAS current controller 
An optical isolator has been connected to allow the transmission of light only 
in one direction and to prevent possible reflections of the beam of light that 
could damage the device.  
 
Figure 4.5 – Optical Isolator 
At this stage, a first attenuation step is carried out: the task of these 
measurements is to analyze and to test how far the system network can be 
pushed in order to have a specific signal quality at the receiver.  
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The first attenuator will be then manually managed step by step to analyze 
the performances of the entire system.  
 
Figure 4.6 – Variable Attenuator 
The heart of the entire system is to use an Erbium Doped Fiber Amplifier to 
recover the signal loss during all the previous network part. 
Erbium-doped fiber amplifiers are the most important fiber amplifiers in the 
context of long-range optical fiber communications; they can efficiently 
amplify light in the 1.5-μm wavelength region, where telecom fibers have their 
loss minimum. 
 
Figure 4.7 – 16dB Erbium Amplifier 
As discussed in paragraph 3.2.1.1, the shape of the erbium gain spectrum 
depends both on the host glass and on the excitation level, because the 
erbium ions have a quasi-three-level transition. Figure 3.8 shows data for a 
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common type of glass, which is some variant of silica with additional dopants 
e.g. to avoid clustering of erbium ions. 
 
Figure 4.8 – Example: Erbium gain spectrum versus wavelength. 
Strong three-level behavior (with transparency reached only for > 50% 
excitation) occurs at 1535 nm. In that spectral region, the unpumped fiber 
exhibits substantial losses, but the high emission cross section allows for a 
high gain for strong excitation. At longer wavelengths (e.g. 1580 nm), a lower 
excitation level is required to obtain gain, but the maximum gain is smaller. 
The maximum gain typically occurs in the wavelength region around 1530–
1560 nm, with the 1530-nm peak being most pronounced for high excitation 
levels. The local excitation level depends on the emission and absorption 
cross sections and on the pump and signal intensity (apart from that of ASE 
light). The average excitation level over the whole fiber length depends on the 
pump and signal powers, but also on the fiber length and the erbium 
concentration. 
In optical fiber communication systems, in particular in those based on multi-
channel transmission with wavelength division multiplexing (WDM), where 
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individual wavelength channels must be combined or separated an arrayed 
waveguide grating (AWG) is used. 
 
        Figure 4.9 – Norton AWG MUX/DEMUX . 
It is a (typically fiber-coupled) device which can separate or combine 
signals with different wavelengths. It is usually built as a planar lightwave 
circuit, where the light coming from an input fiber first enters a multimode 
waveguide section, then propagates through several single-mode 
waveguides to a second multimode section, and finally into the output 
fibers. Wavelength filtering is based on an interference effect and the 
different optical path lengths in the single-mode waveguides: any 
frequency component of the input propagates through all single-mode 
waveguides, and the output in any channel results from the superposition 
(interference) of all these contributions. The wavelength-dependent phase 
shifts lead to a wavelength-dependent overall throughput for any 
combination of an input port and an output port, so the main task of this 
device is to limit the ASE noise in the system in order to, selecting the 
wavelength desired, only the interested part will be carried on in the rest of 
the network. 
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Connected to the AWG mux/demux the second attenuation step of the 
system is found: a Digital Variable Attenuator (figure 4.10). 
 
Figure 4.10 – OZ Digital Variable Attenuator. 
This second attenuator has been placed after the erbium amplifier and the 
“optical filter”; it will be the attenuation point to control automatically 
through our LabVIEW programs.  
In the final part of the system a 1x2 coupler has been used to divide the 
signal into two parts (figure 4.11): 
 
Figure 4.11 – Coupler 1x2. 
the 1% of the power budget will be sent to the power meter, in order, to 
evaluate the optical output power (that isn’t the true read value but we 
have to add about 20dB due to the coupler effects!), as well as the rest of 
the signal (99%)  to a PIN photodetector (Figure 4.12).  
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Figure 4.12 – PIN Photodetector . 
The role of the photodetector is to capture the optical power and to 
translate the signal from optical to electrical in order to be managed from 
other devices, in particular, like in the electrical system, by a Bit Error 
Detector, in order to count the wrong number of bits received (BER), and 
by an oscilloscope, to estimate according to the signal received the Q-
factor  of the system under the current conditions.    
 
                                 
              Figure 4.13 – Scope Display                                              Figure 4.14 – Bit Error Detector 
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CHAPTER 5 
OPTICAL SYSTEM PERFORMANCE 
MEASUREMENTS 
 
This chapter analyzes the approximations used on the Labview Programs 
created and evaluates the quality of the network, in function of the Q-factor 
and bit error ratio. Indeed, it focuses on, the difference encountered in an 
optical system by using two ways to analyze its performances.   
 
5.0 Bit error rate 
The bit error rate (BER) is the most significant performance parameter of any 
digital communications system. It measures the probability that a given bit 
receives an error. For example, a standard maximum bit error rate specified 
for many systems is 
910 , this means that the receiver is allowed to generate 
a maximum of 1 error in every 
910  bits of information transmitted, in other 
words, the probability that any received bit is in error is 
910 .  
The BER depends primarily on the signal to noise ratio (SNR) of the received 
signal, which is in turn determined by the transmitted signal power, the 
attenuation of the link, the link dispersion and the receiver noise. 
Measurement of the BER is not a trivial process and requires sophisticated 
and expensive equipment to achieve accuracy, particularly at high bit rates. 
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However, the effects of noise and other signal degradation processes can be 
investigated qualitatively and, perhaps, even in a pseudo quantitative manner 
by generating “eye pattern” or “eye diagram” for the system. Certainly signal  
and BER degradation trends can be readily seen due to the effects of signal 
attenuation and dispersion.  
In an amplifier transmission system BER is set by the electrical/optical signal-
to noise ratio (SNR) of the data signal at the decision circuit, therefore, SNR 
is a natural figure of merit for transmission performance and system health. 
The margin in an optical amplifier system is the decibel difference between 
the received SNR, and the SNR required to maintain the system error rate 
specification. The received SNR, and therefore the margin, is set by optical 
noise and waveform degradations accumulating over the entire length of the 
system.  
In a digital optical telecommunications receiver, the incident signals are 
sampled in the centre of the bit period and the sampled level is compared to a 
threshold to determine the presence of a one or zero. With such a  threshold 
detection, errors arise when noise in the system pulls a one signal level below 
threshold at the sampling point and pushes a zero above threshold (Figure 
5.1).  
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        Figure 5.1 – Threshold detection in digital receiver, illustrating the possibility of errors in the presence of 
random noise.   
Clearly, due to the random nature of the noise the total signal can be above 
threshold for a 0 and below for a 1 giving rise to a non zero probability of 
errors occurring with an associated bit error rate (BER) defined by:               
e
t
N
BER
N
       [1]   
where eN  is the number of error occurring in the time t   and tN  is the 
number of bits arriving in time t . The bit error rate (BER) is simply the 
probability that an error will occur in a given bit period.  
From the previous figure, if we have greater SNRs, we can set higher 
threshold levels ( thv  in the figure) relative to the noise and hence reduce the 
probability of error. In digital telecommunications, it is a standard practice to 
ensure that a specified BER is achieved by design.  
To calculate the probability of error, it is important to establish the noise 
statistics and compute the probability that the noise level, at any given 
sampling point, pushes the signal to the wrong side of the threshold for a 1 or 
0 transmitted. Figure 5.2 illustrates the basics of the calculation. Basically, at 
the sampling point in any bit period, the signal is varying randomly about 
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some mean value due to the random noise fluctuations i.e. the sampled 
signal level is a random statistical variable about its mean.  
To determine the probability of error it’s necessary to know the signal 
probability distribution functions [ ( )ip v dv , i = 0 or 1] for the 0 and 1 levels i.e. 
the probability that the sampled signal level will fall between level 0v  and 1v  + 
dv  as a function of v for a received 0 and 1 signal, where 0v  and 1v  are the 
mean levels for a received 0 and 1 respectively. Illustrations of such functions 
are presented in Figure 5.1. It should be noted that the probability distribution 
functions (PDFs) for 0 and 1 received signals may be different, since different 
noise processes may dominate the two regimes. This is reflected in Figure 
5.2. However, for many applications, particularly when thermal noise limits 
apply, the PDFs are identical for both 0 and 1 levels. 
 
  Figure 5.2 – PDFs ( ) , 0,1i ip v dv i for levels of 0 and 1 0v and 1v in the presence of random (Gaussian) noise. 
The probabilities of error on a 0 signal 0( )P shaded and 1 signal 1( )P hatched are also indicated 
The total probability that a 0 signal is recorded in error as 1 is the area under 
the probability distribution function, 0( )p v dv , for v > thv   (shaded area of 
Figure ). Furthermore, the total probability that a 1 signal is recorded in error 
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as 0 is the area under the probability distribution function, 1( )p v dv   for v < thv   
(hatched area of Figure 5.2 ). Hence, the probabilities ( iP ) that a received 
signal of level i  is recorded wrongly for i = 0 and i = 1 respectively are:  
0 0
thv
P p dv            and          1 1
thv
P p dv             [2 & 3]   
For the sake of clarity, we shall adopt a useful approximation in assuming that 
the noise is a Gaussian random variable. This means that the PDFs [ ( )ip v dv , 
i = 0 or 1] for the sampled signal voltage at the receiver output are Gaussian 
functions with a mean voltage of iv  and a variance of 
2 2
i Nv   , where Nv  is 
the root mean square (rms) noise voltage. Assuming equal numbers of 1s 
and 0s in the bit stream and evaluating the integrals of equations [2] and [3], 
the BER, or error probability, eP  can now be written as:  
1
1
2 2
e
Q
BER P erfc               [4] 
where, for thermal noise limited detection (equal noise on 0 and 1 levels) 
1 1 0( ) / ( ) / 2th NQ v v v v v       [5] 
For this parameter set, Q is in fact the signal to noise ratio and the threshold 
voltage is half of the received average 1 level. Hence we can easily 
determine the BER from equation [4]. Figure 5.3 shows the variation in the 
BER as a function of Q according to equation [4]. The maximum acceptable 
bit error rate in a telecommunications system is 
910  and system 
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specifications often demand BERs down to 
1210 . Such specifications imply 
the need for Q values of 6 and 7 respectively or SNRs of 12 and 14.  
 
Figure 5.3 – Error Probability eP  versus error probability factor Q. 
In addition to the quantitative approach above, much qualitative information 
may be gained from generating what is known as the eye diagram. To 
observe statistical variations in the received signal we need to be able to 
display many bits (hundreds or even thousands) of both 1s and 0s in different 
sequences all superimposed on one another. This can be done by 
transmitting a square pulse non return to zero (NRZ) pseudo-random bit 
stream (PRBS) and displaying the receiver output on the oscilloscope which 
is triggered by the PRBS clock. In such an arrangement, the oscilloscope 
displays the signal every few clock cycles or every clock cycle depending on 
the timebase setting.  
5.1 In an optical Amplifier System 
In an optical amplifier system, the SNR at the decision circuit is degraded by 
optical noise, fiber chromatic dispersion, polarization mode dispersion, and 
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fiber nonlinearities. While the exact probability density function for optical 
noise is not exactly Gaussian [6], a Gaussian approximation can lead to close 
BER estimates [7]. The Q-factor [8] is the signal-to-noise ratio at the decision 
circuit in voltage or current units, and is typically expressed by  
1 0
1 0
Q
                 [6] 
where 1,0  is the mean value of the marks/spaces rail, and 1,0 is the 
standard deviation. A voltage histogram down the center of the eye can be 
measured with a digital sampling oscilloscope to estimate Q. This technique 
fails, however, to give good correlation between the measurement of Q and 
the BER, since the variation seen around each rail represents a mix of pattern 
effects, such as intersymbol interference (ISI) and noise. Otherwise, the 
voltage histograms can be made at a specific point in the pattern as opposed 
to the data eye. This eliminates the pattern effects from the measurements of 
1,0  but yields a potentially inaccurate measure of 1,0 . Also, this approach 
has the drawback of recording even fewer bits than the measurement in the 
eye, and it is not practical in a real transmission system, where the data bits 
are random. By using a new technique, all these problems could be avoided 
by exploiting the decision circuit to probe the rails of the eye, thus using every 
bit in the data stream. Moreover, it includes the ISI present in the 
regenerator’s linear channel as well as that generated in the system from 
dispersion and fiber nonlinearity. 
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5.1.1 A Measurement Technique 
The Q factor is measured by recording the BER versus decision level down 
the center of the eye (i.e., a fixed timing phase). The equivalent mean and 
sigma of the marks and spaces are determined by fitting this data to a 
Gaussian characteristic, given by [9] 
1 0
1 0
1
( )
2
D D
BER D erfc erfc        [7] 
where 1,0  and 1,0  are the mean and standard deviation of the mark and 
space data rails, D, is the decision level, and erfc(x) is a form of the 
complementary error function given by: 
2 2/ 2 / 21 1( )
2 2
x
x
erfc x e d e
x
      [8] 
where the approximation is nearly exact for x>3. Here the  1,0 and 1,0  are 
not the physical values in the eye, rather they are the equivalent values used 
to fit the data for the purpose of estimating Q.  
The Q factor is calculated as follows: using the  and  of each rail in a 
fashion similar to [6], the data are divided into two sets that have the 
measured BER dominated by the marks rail and spaces rail. The raw data 
are separated at the point of minimum error rate for measurable BER’s, or at 
any value of D that yields error-free performance, for cases where the SNR is 
high. Each data set is fitted to an ideal curve, assuming Gaussian noise 
statistics, to obtain an equivalent mean and sigma for the positive and 
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negative rail. Equation [7] naturally separates into errors dominated by mark 
errors and space errors. Once separated, the BER is a simple expression 
given by a single i erfc (.) function. Each set of BER data is passed through 
an inverse error function, and then a linear regression is performed with the 
decision levels iD . The equivalent 1,0  and 1,0  are given by the slope and 
intercept of the linear regressions. For ease of computation, the inverse 
1
( )
2
erfc  function is performed by first taking the logarithm of the BER. 
1
( )
2
LOG erfc  is a smooth one-one function that can be inverted by many 
numerical methods, or more simply by using a polynomial fit: 
1
21log ( ) 1.192 0.6681 0.0162
2
erfc x x x      [9] 
where x is log(BER), and [9] is accurate to 0.2% over the range of BER’s 
from 
510  to 1010 . The optimum decision level optD is determined from 1,0  
and 1,0  as the cross point for the two Gaussian probability density functions.’ 
The calculated BER is given by [7] evaluated at optD , and to a good 
approximation is given by erfc(Q). 
5.2  In amplified WDM optical links 
In long-haul amplified Wavelength Division Multiplexed optical links, the 
characteristics of the Amplified Spontaneous Emission (ASE) noise 
introduced by the in line Erbium Doped Fiber Amplifiers (EDFA’s) may be 
modified by fiber nonlinear phenomena such as Parametric Gain (PG). 
Therefore the ASE noise affecting the signal at the receiver may be a non-
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white random process, and it may present a correlation between the in-phase 
and quadrature components, with respect the phase reference of the optical 
carrier [1]. This propagation effect on the ASE noise is induced by the 
interaction of Kerr nonlinearity and quadratic dispersion, causing the optical 
carriers to act as a set of pumps and to generate spectral regions where the 
ASE noise may experience gain. These alterations in the ASE noise spectral 
shape may potentially degrade the system performance.  
5.2.1 Analysis 
In this section performance estimation between Q-factor and BER 
measurements are compared, in order to demonstrate how Q-factor 
approximation may lead to significant errors.  
A significant example has been carried out for the evaluation of the BER for 
Intensity-Modulated Direct Detected (IM-DD) optical systems, whose 
performance limiting factor is the interference generated by the ASE noise. 
To proceed in developing the technique, some simplifying assumptions have 
been made. At the receiver, the signal has been supposed to be affected by 
noise with arbitrary spectral characteristics and Probability Density Function 
(PDF). To obtain realistic results, ASE noise modified by parametric Gain 
(PG) has been considered. To focus the analysis on the effects of noise alone 
and on its system impact, the absence of inter-symbol interference (ISI) has 
been supposed, together with the absence of any distortion of the signal. 
Therefore, if noise is neglected, decision signal can be assumed to be 
constant over the bit duration. The receiver has been supposed to be 
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composed by the cascade of an optical filter, an ideal photo-detector and an 
electrical filter whose impulse response is ( )eh t . Electrical noise has been 
neglected, since ASE noise is assumed to be the performance limiting factor. 
When a “1” is transmitted, the filtered optical signal at the receiver can be 
expressed as:  
0 02( ) ( ) ( )
j f t
p Qr t A m t j m t e        [10] 
where A is the signal amplitude, ( )pm t  , ( )Qm t are respectively the in-phase 
and quadrature noise components with respect to the carrier phase 0 , and 
0f  is the optical carrier frequency [1]. For the considered case of ideal Non-
Return-to-Zero (NRZ) modulation, pA P  for “1” transmitted and A = 0 for 
“0” transmitted. pP  is the peak power of the received optical signal. The noise 
components ( )pm t  , ( )Qm t  are assumed to be Gaussian distributed random 
processes with arbitrary shaped spectra. In the following, when system 
evaluations are carried on, noise is supposed to be modified by the PG effect 
only in case a “1” is transmitted, while when a “0” is transmitted ( )pm t  , ( )Qm t  
are supposed to be white Gaussian random processes. After the 
photodetection and electrical filtering, the resulting electrical signal can be 
expressed as: 
2 2
( ) ( ) ( ) ( )e p Qz t h t A m t m t d          [11] 
where the following expansions for the noise components are: 
1
( ) ( )
M
p i i
i
m t u f t                 
1
( ) ( )
M
Q i i
i
m t v g t  
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where iu ’s and iv ‘s are the autocorrelation functions of the random process 
( )pm t  ( )Qm t with respect the two sets of orthonormal functions ( )if t  ( )ig t .  
The coefficients  iu  , iv   are statistical independent Gaussian random 
variables with zero mean and variance i , i respectively [12].  i and i are 
the eigenvalues of the integral equations: 
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
e p i i i
e Q i i i
h t f d f t
h t g d g t
           [13] 
where ( )p t , ( )Q t  are the autocorrelation functions of the random process 
( )pm t  ( )Qm t . Convergence checks confirming the validity of this 
approximation have been applied [13]. The carrier amplitude has been 
expanded with respect the same set of functions used to expand the in-phase 
noise component. The result of the expansion is: 
1
( )
M
i i
i
A f     where     
*( ) ( )i e iA h t f t dt                 [14] 
Substituting eqs.[12] and [14] in eq. [11] and processing as in [13] the 
following compact form for the decision signal z(t) is obtained: 
2
2
1 1
( )
M M
i i i
i i
z t u v       [15] 
In a quadratic form: 
2
2
1
( )
M
T
i
i
z t x x x     [16] 
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Moreover it can be shown that the Moment Generating Function (MGF) z  of 
the random variable z can be evaluated as: 
2
2
1
exp
1 2
1 2
i
M
isv
z
i i
s
s
E e
s
     [17] 
where the coefficients i  are the eigenvalues of the correlation matrix R of 
the random vector w .  The system BER can be finally be evaluated as: 
2 21 1( ) | 0 ( |1) | 0 | 2
2 2
th th pP e P e P e P z Z A P z Z A P    [18] 
where thZ  is the decision threshold and pP  is the received signal peak power. 
Using the Riemann-Fourier inversion formula on the MGF, these probabilities 
can be evaluated as:  
( | 0)1
( | 0) , 0
2
( | )1
( |1) , 0
2
th
th
c j
sZz
c j
c j
sZz
c j
s A
P e e ds c
j s
s A
P e e ds c
j s
       [19] 
where c is a constant determining the integration path in the complex plane s.  
The commonly used method to evaluate the BER is based on the evaluation 
of the Q-factor, defined as: 
1 0
1 0
m m
Q
            [20] 
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where 1m  1  and 0m  0  are the mean value and standard deviation of the 
decision variable z when a logical “1” or “0” is received, respectively. If noise 
is Gaussian, the system BER may be simply evaluated as: 
1
( )
2 2
Q
P e erfc        [21] 
Although after photo detection, the noise is typically non-Gaussian, the Q-
factor approximation is extensively used in experiments, theory and 
simulations for the evaluation of the performance of optical systems. The Q-
factor approximation has been compared with the previous results, in order to 
point out how the use of Q fails when the PG strongly affects the received 
ASE noise. In order to demonstrate that Q-factor estimations can lead to 
erroneous system performances, an ideal situation has been analyzed: both 
the in-phase and quadrature noise components are supposed to be white 
Gaussian uncorrelated random processes, and it has been supposed that the 
quadrature component could experience a fictitious and spectrally flat gain 
QG . The figure below reports BER values versus QG  obtained either using a 
Karhunen-Loèove Series Expansion method (KLSE) applied to a system with 
a generic spectral shape and Gaussian approximation.  
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Figure 5.4 – Error probability evaluated with both the KLSEM (a) and the Q-factor approximation (b) as function of 
the gain QG experienced by the quadrature noise. SNR has been set to 15.5dB.   
For small values of QG  up to about 6 dB, the trend of the Q-factor 
approximation results follows the KLSEM values. A further increasing of QG  
induces the Q-factor approximation to diverge from the KLSEM results: while 
the Gaussian method predicts a performance degradation, the system 
performance actually improves. This simple example shows the unusual 
features of a direct detection receiver with enhanced quadrature noise, i.e., a 
decreasing BER values for increasing noise level, and clearly shows the 
limitations of the Gaussian method in this situation. To avoid confusion, the 
reader should anyway remind that this is just an ideal, non-physical example, 
since in realistic situations the PG effect leads to a BER performance 
degradation. 
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As an example of application of the KLSEM in a practical scenario, BER 
performance of a typical long-haul WDM amplified system has been 
analyzed. Four channels at 10 Gb/s are transmitted over an optically-
amplified link, with EDFA’s placed every 70 km. Dispersion is supposed to be 
completely compensated every cN  fiber spans. System performance has 
been analyzed varying the compensation parameter cN  and the total 
transmitted power TP  i.e., the sum of the power of each channel. For each of 
the considered situations the distance L reachable with error probability 
1210 has been evaluated. In the figure below the maximum length L has been 
plotted versus the transmitted power using both the Gaussian approximation 
(dashed curves), and the KLSEM (solid curves). These plots show how the 
Gaussian approximation is too pessimistic whenever PG becomes relevant 
and also fails in optimizing the transmitted power.  
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Figure 5.5 – Maximum distance L giving 
1210eP vs. the total power for a 4-channel 10 Gb/s system compensated 
every Nc spans. System parameters: 
1 12Km W , 22 1 /ps Km , 0,22 /dB Km . L has been 
evaluated with both the KLSE method (solid curves) and the Q-factor methods (dotted curves).  
For both the considered cN  values, the optimal transmitted power is 8 dBm, 
but a longer distance may be reached with cN  = 5. With TP  = 8 dBm and 
cN = 5, the distance L=6,500 km can be covered, against the 11,500 km that 
could be reached in linearity, i.e., neglecting the PG effect. These results 
show the detrimental effects that PG in itself may induce in long-haul 
amplified systems, and are also a further demonstration of how the Q-factor 
may lead to erroneous system performance estimations. 
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CHAPTER 6 
ANALYSIS AND RESULTS OF THE 
MEASUREMENTS ON A ROPA SYSTEM 
 
The final step of this work provides a detailed analysis of the quality 
performances at the receiver of a ROPA system. By using the two LabVIEW 
programs created for this task the analysis has been developed in terms of Q-
factor, BER and log(BER) versus the Optical Power. The efficiency of the 
ROPA system, as explained in the previous chapters, has been evaluated by 
using a common Oscilloscope and a Bit Error Detector. Figure 6.1 shows a 
graphical scheme of the system analyzed. 
 
Figure 6.1 – ROPA system test scheme. 
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6.0 General setup network configuration 
In view of comparing the two kinds of measurements, under the same system 
conditions, a general setup of the network has been set on each instrument 
involved.  
 Tunable Laser:  
Optical Power Transmitted 7TP dBm  
wavelength 1552,52nm  
Frequency 193,1f THz  
PRBS 23,0 
BIAS 0,55
15,1
V
A
 
 
 Pulse Pattern Generator:  
Data Amplitude 0,5 V 
Data Off sett 0,25 V 
Internal Clock frequency 2,5 GHz 
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 16dBm Erbium Amplifier  
Current I = 555 mA 
Input Power 0.0iP mW  
Output Power 3P mW  
Temperature 22° 
 
 Nortel 8x8 AWG Mux/Demux :  
Filter wavelength 1552,34nm . 
Obviously these settings could be changed depending on the kind of 
simulation we want to manage and the way we want to “stress” the system.  
This particular configuration arises from a laboratory experience in which, by 
managing the BIAS current of the tunable laser, we tried to maximize the 
responsivity to the receiver in order to obtain the best possible performances 
with a fixed optical power transmitted.  
The attenuators used, one managed manually and the other controlled using 
LabVIEW, have to introduce in the system further losses in order to evaluate 
how much and up to which value the EDFA amplifier can compensate these 
losses.  
In view of pushing the system simulation to ensure a specific signal quality to 
the receiver, some assumptions have been made:  for both the devices, bit 
error detector and scope, through the BER parameter obtained, the 
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transmission is considered failed if the BER value is less or equal to 310 (over 
this value the program will stop the simulation) and we will consider BER 
values under 1110  as 1310  (in particular for the error detector that takes too 
many time to evaluate errors under these values). 
Moreover, the total loss accumulated until the initial part of the “chain of the 
system” has been considered as the starting point, our “zero”, for the 
simulations analyzed; it represents the attenuation measured after the isolator 
and before the first attenuator. Based on that, the loss of 0dB (no loss 
introduced in the system) was considered an active value of -5,5dB. Thus, 
once the first attenuator has been fixed  at an attenuation level, to a specific 
step by step increasing attenuation, the second attenuator will scanner all the 
dB loss levels to evaluate, at each step, the corresponding BER value.  
6.1  Test Results   
The following analysis presents a group of measurements on the access 
network in order to explain how the system reacts to specific losses and how 
the system can compensate them. Moreover, this analysis is important to 
establish the best range of values and parameters in order to obtain a good 
response from the system performances. 
6.1.1 Bit Error Detector  
In table 1 the values related to the measurements using the bit error detector 
are reported; the attenuation step used is related to the BER values analyzed.  
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In fact, as it is clearly shown here, for the first measurements, different 
increasing attenuation steps have been added. These values have been 
gradually decreased and normalized when the BER assessment obtained so 
far receives a strong variation. For the digital variable attenuator (the second 
one in the system chain) the attenuation step was 1dB . 
1st fixed attenuation Reached point at 310  Threshold level (over 
1310 ) 
0dB (-5,5dB) 19dB 16dB 
8dB (-13,5dB) 19dB 16dB 
10dB (-15,5dB) 19dB 16dB 
15dB (-20,5dB) 18dB 16dB 
17dB (-22,5dB) 17dB 14dB 
19dB (-24,5dB) 16dB 13dB 
20dB (-25,5dB) 16dB 13dB 
22dB (-27,5dB) 13dB 11dB 
23dB (-28,5dB) 13dB 10dB 
24dB (-29,5dB) 10dB 9dB 
25dB (-30,5dB) 11dB 8dB 
26dB (-31,5dB) 11dB 7dB 
27dB(-32,5dB) 9dB 6dB 
28dB (-33,5dB) 8dB 5dB 
29dB (-34,5dB) 7dB 4dB 
30dB (-35,5dB) 5dB 3dB 
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31dB (-36,5dB) 5dB 2dB 
32dB (-37,5dB) 4dB 1dB 
33dB (-38,5dB) 4dB Starts from 
910  
34dB (-39,5dB) 1dB Starts from 
510  
35dB (-40,5dB) 1dB Starts from 
310  
Table 1 – Bit Error Detector test 
The first parameter in the table is referred to the losses inserted by the first 
attenuator (and its real value in the system), while the second and the third 
parameters are respectively the maximum reachable attenuation level and 
the “threshold” attenuation level under which errors are still detected one over 
1310  bits.  
The figures below represent the trend of the curves of these values, taking 
into consideration the follow kinds of measurements: BER, log(BER) and Q-
factor versus the optical power.  
For a better interpretation of the graphs, for each measurements, a restricted 
range of curves has been plotted:  
 
 
 
 
94 
 
BER vs. POW 
  
Figure 6.2 – Bit Error Detector: BER versus Optical power: attenuation level (before EDFA) 0 – 8 – 10 – 15 – 17 – 19 
dB 
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Figure 6.3 - Bit Error Detector: BER versus Optical power: attenuation level (before EDFA) 20 – 22 – 23 – 24 – 25 – 26 
dB 
Figure 6.4 - Bit Error Detector: BER versus Optical power: attenuation level (before EDFA) 27 – 28 – 29 – 30 – 31 – 32 
– 33 – 34dB 
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Log(BER) vs. POW 
 
Figure 6.5 – Bit Error Detector: log(BER) versus Optical power: attenuation level (before EDFA) 0 – 8 – 10 – 15 – 17 – 
19 dB 
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Figure 6.6 – Bit Error Detector: log(BER) versus Optical power: attenuation level (before EDFA) 20 – 22 – 23 – 24 – 25 
– 26 dB 
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Figure 6.7 – Bit Error Detector: log(BER) versus Optical power: attenuation level (before EDFA) 27 – 28 – 29 – 30 – 31 
– 32 – 33 – 34dB 
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Q-factor vs. POW 
 
Figure 6.8 – Bit Error Detector: Q-factor versus Optical power: attenuation level (before EDFA) 0 – 8 – 10 – 15 – 17 – 
19dB 
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Figure 6.9 – Bit Error Detector:  Q-factor versus Optical power: attenuation level (before EDFA) 20 – 22 – 23 – 24 – 
25 – 26dB 
 
Figure 6.10 – Bit Error Detector:  Q-factor versus Optical power: attenuation level (before EDFA) 27 – 28 – 29 – 30 – 
31 – 32 – 33 - 34dB 
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These pictures demonstrate that, by increasing the losses of the first 
attenuator, before the EDFA amplifier, the trends of all the curves are 
approximately the same but obviously they differs from the optical power 
used. In fact, at each attenuation step, each curve is shifted forward.  
Unfortunately some errors suddenly occur at a first sight: for the 15dB 
attenuation level this behavior is not respected. The curve, in fact, seems to 
have higher performances in respect of lower attenuation levels, but this is  
impossible. The explication of this strange behavior has to be attributed to 
possible human errors. In fact, manual settings on the first attenuator and 
possible variations of the inconstant attenuation inserted in the system, 
before the first attenuator, could produce measurements with different 
configuration setting (like in our case). For this reason it is better to not 
consider this value in the analysis. 
As stated above, these graphs underline the reaction of the system relating to 
a specific attenuation introduced into the system; the threshold level after 
which the system begins to became instable, (the device begins to detect 
errors over 310  ) is always shifted to a lower optical power value. For the first 
15 “degrees” of attenuation, the system reacts quite similarly, leaving the 
threshold points unchanged and only modifying their own slopes. In this 
situation the system, and in particular the EDFA amplifier, can compensate 
easily most of the losses of the system reacting only with a faster slope 
increase. But note that, after these values, the system is instable and the 
threshold becomes lower and lower until the “threshold point” completely 
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disappears (look at the last curves in the graphs, 33/34dB). Under these 
conditions, errors detected are suddenly higher than 
1310 .  
Furthermore, in some cases, the behaviors of curves are not linear even if  
the threshold levels are respected. In fact, it may happen that the slope of a 
curve crosses the trend of others, or that the slope itself grows more rapidly 
than expected. These events can be attributed to the characteristics of the 
error detector or the photodetector itself that sometimes, to particular high 
losses and so at low OSNR values, do not perfectly detect the signal. In other 
cases, the time necessary to detect the number of errors is not enough. 
Consequently, the value obtained it is not always precise.  
 
6.1.2  Oscilloscope 
Likewise the same analysis has been addressed to the scope in order to 
compare the two results obtained.  
Using a scope the behavior of the system results to be a somehow different; 
the analysis of the signal studied, at the output of a PIN photodetector, 
follows dynamic depending on the eye pattern displayed on the screen;  the 
better the eye will be displayed in the device the better will be the quality 
parameter (Q) obtained using this instrument. In few words, the 
approximation used to evaluate the Q-factor first and the Bit Error Rate later, 
will depend on mathematical approaches and, then, on the capability of the 
scope to represent the eye diagram in the best way possible (for more detail 
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see paragraph 2.1). For these reasons, this procedure does not follow a real 
tested and sure procedure to analyze an optical system but, however, it 
provides  a reliable estimation. 
Like in the other case, in order to have a different prospect, according to the 
simulation analyzed first, all the parameters and settings shown in paragraph 
6.0 are used. Table 2 reports the first analytical measurements for a fast 
approach to the simulation: 
1st fixed attenuation Reached point at 310  Threshold level (over 
1310 ) 
0dB (-5,5dB) 20dB 16dB 
8dB (-13,5dB) 20dB 15dB 
10dB (-15,5dB) 19dB 15dB 
15dB (-20,5dB) 19dB 15dB 
17dB (-22,5dB) 18dB 14dB 
19dB (-24,5dB) 17dB 12dB 
20dB (-25,5dB) 15dB 11dB 
22dB (-27,5dB) 14dB 10dB 
23dB (-28,5dB) 13dB 9dB 
24dB (-29,5dB) 12dB 8dB 
25dB (-30,5dB) 11dB 7dB 
26dB (-31,5dB) 10dB 6dB 
27dB(-32,5dB) 9dB 5dB 
28dB (-33,5dB) 8dB 5dB 
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29dB (-34,5dB) 5dB 3dB 
30dB (-35,5dB) 5dB 1dB 
31dB (-36,5dB) 4dB 0dB 
32dB (-37,5dB) 5dB 0dB 
33dB (-38,5dB) 2dB Starts from 
810  
34dB (-39,5dB) 1dB Starts from 
510  
35dB (-40,5dB) 1dB Starts from 
410  
                                                Table 2 
Similarly, these values show the behavior of the system stimulated under 
specific losses introduced in the network. At a first sight, comparing these 
results with the bit error detector, it can noticed that our system reacts faster, 
with expected values, to an increasing attenuation step. The threshold levels, 
after which the scope is going to detect errors over 13 1210 /10 , are 
approximately near to the previous ones but clearly lower (with a maximum 
difference of 1,2dB). It has to be underlined that in this case, using this 
device, we are able to detect errors not only until 1110   (like in the case of the 
Bit Error Detector) but lower than 1310 . This behavior is due to the particular 
ability of the scope that detects high Q-factor values but, unfortunately, these 
values do not correspond to real optical system. For this reason it was 
considered the minimum expected transmission Q-factor not higher then 7,3 
(that correspond to a BER value of 1310 ).  
As in the other case, the graphs relative to the scope measurements are 
reported here for different range of attenuation levels: 
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BER vs POW 
 
Figure 6.11 - Oscilloscope: BER versus Optical power: attenuation level (before EDFA) 0 – 8 – 10 – 15 – 17 – 19 dB 
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Figure 6.12 - Oscilloscope: BER versus Optical power: attenuation level (before EDFA) 20 – 22 – 23 – 24 – 25 – 26 dB 
 
 
Figure 6.13 - Oscilloscope: BER versus Optical power: attenuation level (before EDFA) 27 – 28 – 29 – 30 – 31 – 32 – 
33 - 34 dB 
Log(BER) vs. POW 
 
Figure 6.14 - Oscilloscope: log(BER) versus Optical power: attenuation level (before EDFA) 0 – 8 – 10 – 15 – 17 – 19 
dB 
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Figure 6.15 - Oscilloscope: log(BER) versus Optical power: attenuation level (before EDFA) 20 – 22 – 23 – 24 – 25 – 26 
dB 
 
Figure 6.16 - Oscilloscope: log(BER) versus Optical power: attenuation level (before EDFA) 27 – 28 – 29 – 30 – 31 – 32 
– 33 – 34dB 
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Q-factor vs. POW 
 
Figure 6.17 - Oscilloscope: Q-factor versus Optical power: attenuation level (before EDFA) 0 – 8 – 10 – 15 – 17 – 19 
dB 
 
Figure 6.18 - Oscilloscope: Q-factor versus Optical power: attenuation level (before EDFA) 20 – 22 – 23 – 24 – 25 – 26 
dB 
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Figure 6.19 - Oscilloscope: Q-factor versus Optical power: attenuation level (before EDFA) 27 – 28 – 29 – 30 – 31 – 32 
– 33 – 34dB 
As the pictures show, the trends of the network in this case is al little bit more 
linear and the slopes, related to each curve, seem to be more coherent. In 
theory, we would have expected a parallel group of curves but, this particular 
trend is not always verified. At a first sight, most of the curves, in particular for 
the first attenuation levels where OSNR is high, behaves as we expect. In 
figures 6.14 and 6.15, for example, most of these curves are parallel and the 
starting “threshold level”, after which errors are detected over 
1310 , follows 
the increase of the losses inserted.  
Sometimes, in particular for high attenuation and low OSNR (see figure 6.17) 
the signal evaluated can appear weak and, for this reason the device, 
considering the eye pattern plotted, cannot distinguish the ‘0’ and the ‘1’ 
levels.  
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An example of what the instrument could display on the screen is shown in 
figure 6.20:  
 
Figure 6.20 – Scope display: Q-factor problem measurements.  
In these cases the device wont detect perfectly the exact Q-factor and it will 
correspond to a bad BER evaluation. The same behavior has been registered 
also on the bit error detector but, because of the mathematical approach of 
the scope (a further source of error has to be added), this is more reliable 
thanks to the errors counting technique.  
Anyway, as figures 6.11, 6.14, 6.17 show, the system reacts more linearly 
compared to the bit error detector and the “threshold” levels begin to 
decrease, also in this case, starting from 15dB of attenuation of the first 
attenuator. After this level the system becomes instable and the EDFA 
amplifier begins to not compensate perfectly the attenuation, that means that 
the OSNR to the receiver becomes gradually lower. 
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6.2   Some analytical results 
In order to demonstrate and compare the two simulations, some examples 
are presented, for specific attenuation values, to show how bit error detector 
and oscilloscope differ each other according to the measurements extracted. 
Two graphs, realized like in the other case for attenuation levels of 0-10-
27dB, are plotted below. In this particular case the window of interest has 
been reduced: 
 
Figure 6.21 – log(BER) vs. POW: Comparing Bit Error Detector and Oscilloscope 
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Figure 6.22 – BER vs. POW : comparing Bit Error Detector and oscilloscope 
Considering a fixed point of observation, the graphs show that the maximum 
difference value between the measurements extracted using an oscilloscope 
(red lines) and bit error detector (green lines) is around 1,2dB. As stated 
before, this value is to the result of two factors: the inaccurate setting of the 
first attenuator in the network chain (that has to be set manually each time) 
and mathematical approximations related to the scope. In fact, in the cases 
examined, the scope shows, for these reasons, a slower trend of its curves; 
this means that the system reacts as the user would expect. On contrary, the 
bit error detector presents an higher trend and a faster slope due to the ability 
to detect most of the errors on the system. 
Focusing our analysis on a lower area of interest (Figures 6.21, 6.22) it is 
possible to appreciate the differences in terms of OSNR of the two curves; 
starting from an observation point of log(BER) = -11 ( BER = 1110 ) up to -3 
(BER =  310 ) it can be noticed that the distance between the green and the 
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red lines increase, following the always higher attenuation levels. The strong 
correlation between BER and optical signal to noise ratio (OSNR), as widely 
discussed in chapter 5,  justify this behavior. In fact, when the OSNR is low 
(that means that the attenuation before the EDFA amplifier is high) a 
maximum ‘gap’ of about 1,2 dB is detected while, decreasing the attenuation 
levels, this gap will be lower with an higher OSRN to the receiver.   
 
6.3  How to use this graphs: a possible application. 
In a final simulation of this work, for example, it was considered that, in a 
common real access network, a BER of 
910  ( 6Q ) has to be ensured to the 
receiver, with an optical power transmitted of 7dBm. For this task, our graphs 
were used to:  
 Maximize the system performances 
 Reduce the power consumptions 
 Introduce other possible sources of loss 
The graphs related to the log(BER) scale and Q-factor on the bit error 
detector test have been used for this analysis; placing a line (green dashed) 
to the level that has to be analyzed (log(BER)=9  and  Q=6)  it is possible to 
appreciate the simulation in details: 
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Figure 6.23 – Error Detector: a possible graph use. 
To maximize the performances, as it is clear in the graph 6.23, it is firstly 
necessary to ensure to the receiver a BER of 
910  with the minimum possible 
optical power. In this case, the best solution is in the first range of curves 
plotted. In our particular case, we could consider up to the19dB of attenuation 
that correspond to a transmitted power of -38,7dBm (0,13 W ).Furthermore, 
looking to the other curve trends, we can see that the system reacts in the 
same way but with a strong variation of the needed power. In fact, the same 
performances are granted up to 32dB of attenuation (the last curve on the 
right part of the graph) but with an increment of about 2dB of optical power 
36,7dBm (0,21 W ); after this point the EDFA amplifier, also to higher power 
levels, is not able to ensure a BER of 910 .   
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As discussed before, possible sources of losses, a part from those already 
considered, could be the optic fibers. If we consider that modern technologies 
permit to develop fiber with losses under 0,5dB/Km, we can approximately 
add to the system about 60km of fiber. In this fast evaluation, it was 
considered that our amplifier is able to compensate and ensure the same 
signal quality to the receiver until 32dB before the EDFA amplifier and for a 
maximum of 10/11dB (about 20km) after the amplifier. Obviously, these 
distances will decrease rapidly if we want to ensure an higher quality level to 
the receiver.  
By placing our working point in the middle of the graphs studied, it could be 
obtained an adequate solution; for example for a first attenuation level of 
16dB (P=-37dBm so about 0,19 W  ) the power consumption will be lower 
than the worst case analyzed previously (32dB). The length theoretically 
reachable in this case will be of about 30Km before the amplification step and 
of about 15Km after the amplifier itself. 
Like in all other cases, the choice of the right working point has to be studied 
directly at the user level, deciding the manner by which the system should be 
exploited and the resources available. 
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6.4  Conclusions  
The work presented has shown how to use LabVIEW to manage via software 
different laboratory instruments and, then, how to analyze and appreciate the 
values obtained in the two cases shown in this thesis. 
These analysis are essential steps that manufacturers, and then users, have 
to consider in order to ensure a determinate quality on the transmission 
performances to the receiver.  
In the cases analyzed other possible losses influences due to the presence of 
kilometers of optical fiber are ignored. In fact, in our measurements, the 
system performances could be degraded also by other factors that in a real 
optical access network have to be considered. Factors as chromatic 
dispersion, insertion losses and fiber dispersion, including all the other 
attenuation parameters, can reduce the quality of the signal transmitted on 
the access line. Moreover, the study carried out on the system, by using 
these two devices, underlines how a scope analysis can change the 
performances interpretation of an optical system. In fact, as a result of our 
analysis, a difference of 1,2dB could induce the constructor to increase the 
power transmitted in order to ensure a specific quality to the receiver or oblige 
to find other ways to develop a system with better characteristics.  
Therefore, the oscilloscope represents the faster way to study and detect the 
behavior of the network under specific inserted losses. However, for a reliable 
study of the performances, these results are incomplete and far from reality. 
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To sum up, we can affirm that the bit error detector represents the best way 
to ensure a good study of the performances of an optic network system. 
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Appendix A 
Practice Statement 
Introduction 
In any common communication system, in order to evaluate the 
performances and behaviors of a typical physical transmission, some 
parameters, considering the eye diagram, have to be specifically analyzed. In 
this contest we will discuss the system quality referring to BER and Q-factor 
values analyzed by the available instrumentation.   
In this experience we will compare the trend of our network taking into 
consideration the results obtained by using a Bit Error Detector and an 
Oscilloscope; to reach this task these operations could be carried on 
manually  but it would take too much time. On the other hand, the “via 
software” approach is an easier and faster way to control automatically all the 
instruments involved.  
For this reason two LabVIEW programs, one for the scope and one for the Bit 
Error Detector, are available: 
error detector(with sync error control).vi 
VOA(Oz)_POW_BER(Oscilloscope).vi 
 
 
119 
 
Instruments needed and physical configuration 
In this experience we will need: 
- a tunable laser with bias current control 
- a pulse pattern generator 
- an isolator  
- an attenuator (manually controlled) 
- a 16dB Erbium Doped Amplifier 
- a mux/demux (for  the optical filtering) 
- A digital attenuator (controlled by using labview) 
- A 1x2 coupler 
- A power meter (controlled by using labview) 
- A PIN photodetector 
-  an electrical filter 
- An Error Detector (controlled by using labview) 
- A common oscilloscope (controlled by using labview) 
In order to facilitate the manually setting of the system involved in the test, a 
block scheme is shown below: 
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For our purpose in order to compare the two kinds of measurements, under 
the same system conditions, a network general setup has to be set on each 
instrument involved:  
 Tunable Laser:  
Optical Power Transmitted 7TP dBm  
wavelength 1552,52nm  
frequency 193,1f THz  
PRBS 23,0 
BIAS 0,55
15,1
V
A
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 Pulse Pattern Generator:  
Data Amplitude 0,5 V 
Data Off sett 0,25 V 
Internal Clock frequency 2,5 GHz 
 
 16dBm Erbium Amplifier  
Current I = 555 mA 
Input Power 0.0iP mW  
Output Power 3P mW  
Temperature 22° 
 
 Nortel 8x8 AWG Mux/Demux :  
Filter wavelength 1552,34nm . 
Beware of your system connections settings. It is better to utilize a gradual 
signal check by parallel using of an oscilloscope, after each connection, for a 
good and sure configuration of all the instruments. This procedure is also 
useful to obtain the maximum performance by setting the BIAS current; in 
fact, managing the BIAS controller, the eye pattern receives strong variation 
in terms of the current inserted in the system. In this simulation the BIAS 
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current has been set to 0,55A (15,1 V) but generally it is better to check 
manually the right own value. 
Note: once connected all the devices, before turning on the tunable laser, let 
your teacher take a look to the system configuration in order to not damage 
the instrumentation. 
System Test: Oscilloscope 
In order to test the transmission performance by using a scope, it has to be 
remembered how the scope works. For a faster and easier analysis of the 
system, it has to be affirmed that this instrument represents only a good 
estimation of the behavior of our system due to the mathematical approach. 
In fact by using the scope, the only useful parameter, in our task, is the Q-
factor. In order to estimate as better as we can these values, the eye pattern 
has to be displayed on the scope screen in order to represent the ‘eye’ as 
clear as possible (don’t worry, this role it is attributed to the labview program 
available).  As the theory taught us, a good estimation of the Q-factor is 
obtained by using this approximation: 
1 0
1 0
Q  
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where 1,0  is the mean value of the marks/spaces rail, and 1,0 is the 
standard deviation. It is the way the oscilloscope works, detecting the 1 and 0 
levels in the eye pattern.  
The BER values extracted from the program is only a mathematical 
conversion (by using a mathlab script) :  
   [2] 
So, beware with your scope results. These values come from two math 
operations, the former involves the scope itself and the latter is a simple 
parameter conversion. 
For a good use of the program follow the procedures described below: 
- Change manually the attenuation level of the first attenuator 
- Connect the Pulse pattern, Oscilloscope and Power meter GPIB 
interfaces to the computer and open Measuring & Automation program 
to be sure that your instruments are correctly connected to your PC. 
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- Read the address referred to your devices and control if are the same 
(by using ctrl+E the block scheme window will appear, in the case that 
the addresses are not the same change them) 
- Connect the variable digital attenuator by using the RS232 interface 
and look at the configuration port in the manual of the instrument. In 
order to check the exact settings compare them in  RS232 configuration 
port of the labview program.   
Using the OZ digital variable attenuator these are the current settings: 
 
- From the labview panel open VOA(Oz)_POW_BER(Oscilloscope).vi 
- In the front panel a window like this will appear: 
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- Insert the starting attenuation point in SET ATTENUATION and the 
attenuations steps in ADD ATTENUATION.  
- Press the RUN button in the front panel and wait until the program is 
complete. In the front panel, in the graphs part, the behavior of the 
system will be represented in function of: BER, log (BER) and Q-factor 
versus the optical power. A picture like this will appear: 
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- For a detailed system analysis change manually the attenuation level of 
the first attenuator and repeat the previous procedures. 
Moreover, it is possible to save the values represented on the graphs in .txt 
files; in order to do that, before the program running, you have to put the file 
path of each measurement in the front panel in the gaps shown below: 
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System test: Bit Error Detector 
In this second section we will use another kind of approach. Taking into 
consideration a bit error detector, the counting technique used with this 
instrument gives reliable and precise results compared with the scope. This 
device does not use mathematical approaches but, considering a large 
number of bit, it counts the wrong number of bit received extracting, directly, 
the right  Bit Error Rate. Moreover,  a mathematical conversion has been set 
in the labview program in order to obtain the related Q-factor.  
As in the scope case, under the same system conditions, to exploit the 
program analysis capability follow these instructions: 
- Change manually the attenuation level of the first attenuator 
- Disconnect the scope and connect the Bit Error Detector GPIB  
- Check GPIB and RS232 interfaces, like in the other case, by using 
Measurement & Automation software.  
- Control and set the corresponding instruments addresses  
- Open “errordetector(with sync error control).vi” from the labview panel 
- Set the PRBS, the starting attenuation point and the attenuation step in 
the front panel (see the picture below). 
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-  Run the program from the front panel and wait until the program 
finishes.  
- In the front panel, in the graphs sections, the three graphs analyzed 
also for the scope will be represented:  
 
- For a detailed system analysis change the attenuation level of the first 
attenuator and repeat the procedure below. 
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Also in this case it is possible to save the data referred to the graphs plotted 
in .txt files.  To do that insert the file paths in the gaps indicated below : 
 
Analysis and discussion of the results: 
In the final step it is requested to study the results obtained by the scope and 
by the bit error detector in the three cases analyzed: BER, log(BER) and Q-
factor in function of the optical power measured. 
In particular it is requested to: 
- Firstly plot the graphs obtained for each device and for all the 
configurations tested 
- Explain the differences between the trends of the curves referred to the 
scope and to the bit error rate  
- Justify the difference between the two trends of the instruments; in 
particular, it is requested to plot on the same graph an example of the 
curves obtained by using the scope and the error detector. 
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Moreover, pay attention to these questions: 
 Up to which value the EDFA amplifier is able to compensate the 
losses? Why? Justify this value. 
 Which instrument provides reliable results? Which not? Motivate your 
answers with detailed results. 
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